Charge-driven bridging of nanoparticles by macromolecules represents a promising route for engineering functional structures, but the strong electrostatic interactions involved when using conventional polyelectrolytes impart irreversible complexation and ill-defined structures. Recently it was found that the electrostatic interaction of silica nanoparticles with small globular proteins leads to aggregate structures that can be controlled by pH. Here we study the combined influence of pH and electrolyte concentration on the bridging aggregation of silica nanoparticles with lysozyme in dilute aqueous dispersions. We find that protein binding to the silica particles is determined by pH irrespective of the ionic strength. The hetero-aggregate structures formed by the silica particles with the protein were studied by small-angle X-ray scattering (SAXS) and the structure factor data were analyzed on the basis of a short-range square-well attractive pair potential (close to the sticky-hard-sphere limit). It is found that the electrolyte concentration has a strong influence on the stickiness near pH 5, where the weakly charged silica particles are bridged by the strongly charged protein. An even stronger influence of the electrolyte is found in the vicinity of the isoelectric point of the protein (pI ¼ 10.7) and is attributed to shielding of the repulsion between the highly charged silica particles and hydrophobic interactions between the bridging protein molecules.
Introduction
The interaction of proteins with nanoscale materials plays a key role in modern biotechnology and in the biomedical eld.
1-3
Much research has therefore been devoted to better understand the fundamentals of protein adsorption. [4] [5] [6] [7] [8] [9] [10] [11] It is well-established that proteins adsorb strongly onto hydrophobic surfaces, even under electrostatically adverse conditions, because the driving force for adsorption originating from dehydration of a hydrophobic surface largely outweighs electrostatic repulsion. 12, 13 Protein adsorption onto hydrophilic surfaces depends on the conformational stability of the protein, and a distinction between structurally inexible ("hard") and pliable ("so") proteins has been introduced to account for differences in the adsorption behavior. 13 Whereas so proteins can relax to a less ordered (higher entropy) state at the surface, hard proteins retain their native (low-entropy) structure. Their behaviour at hydrophilic/charged surfaces is dominated by electrostatic interactions, i.e., adsorption will occur when the protein and surface are oppositely charged, but not otherwise.
13
Protein adsorption on nanoparticles can be affected by the high surface curvature of the particles. [14] [15] [16] [17] Much attention was paid to the question to what extent the structure of proteins is perturbed by adsorption onto hydrophilic or hydrophobic nanoparticles, [17] [18] [19] or if the interaction with their strongly curved surface can promote aggregation and brillation of proteins.
20,21
On the other hand, it is also possible that the adsorption of the protein causes bridging of two or more nanoparticles. Only a few studies so far have addressed protein-induced bridging aggregation of nanoparticles, [22] [23] [24] although the potentially bioadverse consequences of such particle aggregation effects are well recognized. 25 We have studied the interaction of lysozyme, a small globular protein (dimensions about 3 Â 3 Â 4.5 nm), 26 with silica nanoparticles (20 nm) as a function of pH in dilute aqueous dispersions. 23 Lysozyme is a prototypical hard protein (its tertiary structure is stabilized by 4 internal disulde bridges) with a high isoelectric point (pI ¼ 10.7). Hence over a wide pH range the protein and silica particles (pI ¼ 3) carry opposite net charges. Accordingly, the adsorption of lysozyme on the silica particles was found to be strongly pH dependent. No adsorption was found up to pH 4, as to be expected for hard proteins on uncharged hydrophilic surfaces. At higher pH, strong binding of the protein to a gradually increasing number of adsorption sites was observed, achieving dense monolayer coverage at pH 8.3, and even higher adsorption levels beyond this pH. In the entire pH regime between the isoelectric points of silica and lysozyme, protein-induced hetero-occulation was observed, but the ocs re-dispersed at higher and lower pH. This reversible occulation contrasts with the familiar situation of polymer-induced bridging occulation. 27 Characterization of the aggregates by small-angle X-ray scattering (SAXS) displayed characteristic features of silica particles interacting by an effective short-range attractive potential, clearly distinct from the effective repulsive potential between silica particles in the absence of the protein.
28, 29 The results of our study 23 were consistent with the notion that the negatively charged silica particles are bridged by the oppositely charged and relatively rigid protein molecules.
Here we study the inuence of ionic strength on the pH dependent bridging aggregation. The addition of an electrolyte will suppress the strength and range of the repulsive interaction between the positively charged protein molecules and between the negatively charged silica particles, but also it will screen the attractive interaction between protein molecules and the silica particles. For 1 : 1 electrolytes the screening length (Debye length) decreases from ca. 10 nm to 1 nm when the ionic strength is increased from 1 mM to 100 mM. 29 The layer of the adsorbed protein has a thickness of a few nanometers. Hence in a 1 mM salt solution the electric double layer extends beyond the layer of the adsorbed protein, but at 100 mM salt the protein layer shields the surface-protein contact region from the solution. This implies that the surface charge will be largely compensated by counterion adsorption onto the contact region. 12 In the present context we are interested in the consequences of this salt-induced charge neutralization effect on the protein-induced aggregation of silica particles. Since protein molecules act as bridges between the silica particles, the number ratio of protein molecules and silica particles may also be an important determinant for the structure of the hetero-aggregates. This conjecture was tested by studying the effective interaction between the bridged silica particles as a function of electrolyte concentration and for different protein-to-silica particle number ratios.
Theoretical background

SAXS from silica-protein dispersions
Scattering of X-rays from colloidal dispersions results from the difference in the mean electron density between the particles and the surrounding medium. In the present system we have two types of particles, viz. silica nanospheres and lysozyme molecules, but scattering arises mostly from the silica nanospheres, as a result of their larger size and higher X-ray scattering contrast against the aqueous medium compared to the protein (see Appendix). To a good approximation, the SAXS data can therefore be analyzed by the formalism for single-particle dispersions. The effects caused by the protein are seen indirectly via their inuence on the interaction and structural correlation among the silica particles. The scattered intensity I(q) as a function of the magnitude of the momentum transfer q is then given by
where Dr is the electron density contrast, 4 p is the volume fraction of the particles in the system, V p is the volume of a single particle, P(q) is the form factor of a particle, and S(q) is the structure factor which accounts for the correlations between the particles in the dispersion. It will be demonstrated that protein adsorption has only a marginal inuence on the particle form factor. For the dilute silica dispersions studied in this work (4 p z 0.0045) the interactions between the particles are negligible in the absence of the protein. Accordingly, the structure factor of the silica-protein composite systems can be derived experimentally by dividing I(q) of the dispersion by the form factor of the silica nanospheres obtained by tting I(q) of a silica dispersion without protein (y ¼ 0),
Colloidal uid model
Bridging of two silica particles by the adsorbed protein corresponds to a short-range attractive interaction between the two silica particles. A simple model describing this effective interaction is the square-well (SW) potential
which accounts for excluded volume effects associated with the hard-core diameter s plus an attractive well of width D and strength 3. The state of the system depends on the packing fraction 4 ¼ (p/6)ns 3 (where n denotes the number density of particles) and a reduced temperature T* ¼ k B T/3 (where k B is the Boltzmann constant and T is the experimental temperature).
For given values of 4 and T*, only the well width D remains a free parameter. This degree of freedom disappears in the stickyhard-sphere (SHS) limit, 31 where one takes the combined limits 3 / N (i.e., T* / 0) and D / 0, while keeping constant the so-called stickiness parameter
dimensionless parameter s is proportional to the temperature, while s À1 is a measure of stickiness of the particles. The case s À1 ¼ 0 corresponds to nonsticky hard spheres. The structure factor of a uid of particles interacting by a sticky-hard-sphere potential can be calculated analytically from the (exact) Ornstein-Zernike equation combined with the Percus-Yevick (PY) approximation. 32 The results are in good agreement with Monte Carlo simulations of the SHS uid. 33 For the square-well uid there is no analytical solution of the integral equations (in any closure approximation), but analytical results may be obtained by considering the attractive well as a perturbation of the hardsphere potential. 34 To compare the structure factor of the SHS uid with that of the SWPY uid, one has to dene an effective temperature s e (T*, D). Commonly the criterion imposed is that the second virial coefficient of the SW uid be equal to that of the SHS uid, i.e., B 
with l ¼ 1 + D/s. Alternative criteria for the equivalence of the two models have also been suggested. 30, 35 It was shown 33 that the analytical solution for the structure factor of the SHS uid and numerical solutions for the SW uid are in good agreement over a wide range of volume fractions if the well width is small against the particle diameter (D/s < 0.1). In this case some ambiguity of the SW model, arising from the fact that different combinations of the parameters D and 3 yield nearly the same structure factor, can be avoided by mapping the SW model into the SHS model with an effective stickiness s e À1 given by eqn (4) . In the present work the structure factor data were tted with the parameters D, 3 and 4; subsequently, s e was calculated with eqn (4).
Materials and methods
Materials and sample preparation
Two samples of silica nanoparticles (SNP1 and SNP2) were synthesized and puried as in our preceding work, 23 using the basic amino acid lysine instead of ammonia as a catalyst for the hydrolysis of tetraethyl orthosilicate (TEOS). 36 The nanoparticles were characterized by SAXS, nitrogen adsorption, and TEM (Fig. S1 , ESI †). The mean diameter D and polydispersity d of the particles were obtained by tting the SAXS data with the polydisperse spherical bead model with log-normal size distribution. The specic surface area of the samples was determined by the BET method and compared with the corresponding geometric area, a geo ¼ 6/Dr, with r ¼ 2.2 g cm À3 the mass density of silica. The number of silica particles per mL of the dispersion, N NP , was calculated from the mass concentration, the particle diameter D and silica density r. The characterization parameters of the two silica dispersions used in this study are summarized in Table 1 . Lysozyme from hen egg white (Sigma-Aldrich, lot no. 019k1320, molecular weight 14.3 kDa) was used in this study without further purication. Previous X-ray scattering studies on lysozyme dispersions at pH 4.5 have reported a radius of gyration of 1.5 nm for the protein.
37
Samples investigated in this study were prepared by adding a 1.1 mg mL À1 unbuffered lysozyme solution to a silica dispersion at neutral pH, and an appropriate amount of dry NaCl was added. The pH of the dispersion was then adjusted by adding small aliquots of 1 M HCl or NaOH, until the pH remained constant within 0.1 pH units. Since the protein adsorption is causing an initial pH change, the nal pH of the dispersion was measured aer 24 hours of equilibration at room temperature.
Methods
SAXS. Measurements were performed on a SAXSess mc 2 instrument (Anton Paar, Austria), which was equipped with a Cu Ka slit-collimated radiation source operated at 40 kV (50 mA).
The sample-to-detector distance was 309 mm. The scattered intensity I(q) is obtained as the function of scattering vector q ¼ (4p/l)sin q, where l ¼ 0.1542 nm and 2q is the scattering angle. A uid ow cell with 1 mm quartz capillary was used. Each data point I(q) represents the average of the scattering output intensity of 500 measured frames. The Saxsquant 3.50 soware was used for data reduction. The datasets were normalized by using the primary beam intensity as a standard. The dark current and water background were subtracted and the desmearing process was performed using the corresponding beam length and width proles. The SASt soware 38 was used for further data analysis.
Analytical centrifuge. The dispersions were also characterized by sedimentation studies using a LUMiSizer analytical photocentrifuge (LUM, Germany). 39, 40 Sedimentation proles were determined at a centrifugal acceleration of 36g (bottom position). Subsequently, the compression kinetics of the sediment was determined at 2300g. The size distribution of ocs was determined in separate measurements in which the centrifugal acceleration was gradually increased from 13g to 2300g.
Results
The inuence of pH and added electrolyte on the adsorption of lysozyme and the concomitant protein-induced aggregation of silica particles was studied at a xed silica concentration (1 wt%) and different amounts of protein. The samples are specied by the number of protein molecules per silica particle, y ¼ N Lyz /N NP . Characteristics of the studied samples are given in Table 2 . Table 1 ). Accordingly, all protein is bound at pH > 7 (complete-binding regime). Fig. 1a shows that the protein binding curves for the three different ionic strengths coincide within experimental error over almost the entire studied pH range. This nding was conrmed in repeated experiments. A distinct salt effect was observed only at the highest experimental pH value (pH ¼ 10.5), at which incomplete binding of lysozyme was found at the highest salt concentration. The turbidity of the samples as a function of pH at different ionic strengths is shown in Fig. 1b in comparison with the low turbidity of the silica sample without protein. In the absence of lysozyme no silica aggregation was observed up to 100 mM NaCl in the studied pH range (not shown). For the protein-containing samples the turbidity starts to increase above pH 4, in parallel with protein binding (Fig. 1a) . At low salt concentration (10 mM) the turbidity passes a maximum and returns to low values at pH 10. This behaviour is a signature of protein-silica heteroaggregation and re-dispersion near the isoelectric point of the protein. At low electrolyte concentrations hetero-aggregation is completely reversible in pH, as it was found in the absence of the electrolyte.
Protein binding and hetero-aggregation
23 At higher ionic strength (100 mM), however, a different aggregation behaviour is observed in the high pH regime, where the turbidity is not decreasing but sharply increasing with pH (Fig. 1b) . The inuence of ionic strength on the hetero-aggregation behaviour near pH 10 was studied in more detail by sedimentation measurements (see below).
The results presented in Fig. 1 are constitutive for the phenomenon of protein-silica hetero-aggregation induced by protein binding. An unexpected aspect revealed by the two graphs is that the diversity in the aggregation behaviour is not reected in the protein binding characteristics. We return to this point in the Discussion section.
Aggregation properties from the sedimentation study
Analytical centrifugation was used to characterize the inuence of ionic strength on the size and packing density of the silicalysozyme hetero-aggregates at high pH. The distribution of aggregate size was determined from the time evolution of the transmission at a xed sample height, as explained elsewhere.
39,40 Fig. 2a presents the cumulative volume-weighted size distributions for sample A ( y ¼ 38) at pH z 11 at four salt concentrations from 10 to 100 mM. The resulting mean aggregate size L and size distribution DL as a function of the concentration of the added electrolyte are given in Table 3 . It can be seen that at this high pH an increase in salt concentration causes a strong increase of the mean aggregate size. This nding is in line with the observed increase in turbidity with increasing electrolyte concentration at the highest pH (Fig. 1b) .
The sedimentation rate of the silica-lysozyme dispersions was measured to determine the sediment volume as a function of centrifugal stress. Sediment volumes V sed were determined by monitoring the boundary between the sediment and the supernatant (dened as the locus of 75% limiting transmission value) as a function of time at centrifugal accelerations of 36g and 2300g (Fig. S2 in the ESI †). The packing density (volume fraction) of silica particles in the aggregates was estimated from V sed as 4 s ¼ m s /(r s V sed ), where m s is the total mass of silica in the sample and r s is the mass density (2.2 g cm À3 ). Results for weak .
Fig. 1
Lysozyme interaction with silica nanoparticles in system A (y ¼ 38) as a function of pH: (a) adsorbed amount of protein as a function of pH in the absence of added salt and for 10 mM and 100 mM NaCl; (b) turbidity of the dispersion as a function of pH for bare silica (triangles right) and for the added lysozyme with 0 (diamonds), 10 (triangles up) and 100 mM NaCl (squares).
Fig. 2
Results of analytical centrifuge studies: (a) cumulative size distribution for silica-lysozyme aggregates at four different salinities indicating the increase in average aggregate size with the concentration of added NaCl; (b) and (c) packing density of the silica-lysozyme aggregates as a function of time at different salt concentrations from the sedimentation kinetics measured at 36g and 2300g, respectively. and strong sedimentational compression (36g and 2300g) at three different salt concentrations at pH 11 are shown in Fig. 2b and c. For the lowest salt concentration (10 mM) no occulation was detectable. The sample with 25 mM salt showed very slow sedimentation at 36g, and no sharp boundary between the sediment and the supernatant was observed aer prolonged centrifugation. At higher salt concentrations the packing density quickly increased with time, reaching values 4 s ¼ 0.14 and 0.16, respectively, at 50 mM and 100 mM salt concentrations (Fig. 2b) . The faster sedimentation and larger silica volume fraction in the sediment attained at 100 mM salt concentration is a signature of larger and more compact aggregates. The samples were then subjected to a centrifugal stress of 2300g, leading to limiting volume fractions 4 s,max of 0.34 and 0.40, respectively for 50 mM and 100 mM salt, while for 25 mM salt the limiting value of 4 s was not attained in the observation time (300 s). The error in 4 s resulting from the determination of V sed for the 25 mM salt sample was higher than for the strongly aggregated dispersions (50 and 100 mM).
Structure factor and effective particle interaction
SAXS was used to characterize the effective interaction between silica particles induced by protein adsorption at different protein-to-silica particle number ratios y. A study covering the entire pH range from pI of silica to pI of the protein was made at y ¼ 38 (sample A in Table 2 ). Complementary measurements in the complete-protein-binding regime at pH 8.3 were made for sample B (y ¼ 11) and also samples with y up to 100. Scattering proles I(q) for sample A at several pH values are shown in Fig. 3 for a low and a high salt concentration (10 and 100 mM). At high values of the scattering vector (q > 0.5 nm À1 ;
Rq > 4.6), all scattering curves are in agreement within experimental accuracy with I(q) of the silica sample without the protein (Fig. 3a and c) . This is expected because scattering is dominated by the silica particles (see Appendix). On the other hand, pronounced differences in I(q) appear in the low-q region ( Fig. 3b and d) as a function of pH at given ionic strength, and also for different ionic strengths at given pH. At pH < 4 and low ionic strength (10 mM) the scattering curves resemble that of bare silica. I(q) approaches a constant limiting value at q < 0.1 nm À1 , indicating a stable colloidal dispersion. This is in line with the observation that no protein binds to the silica particles at low pH (Fig. 1a) . At pH > 4, when the silica particles attain a surface charge opposite to that of the protein, scattering curves with steeply increasing low-q intensity are observed, This low-q scattering behavior conforms to a power-law I(q) f q Àn and indicates formation of large-scale aggregates in the dispersion. Increasing the ionic strength also affects the low-q scattering behaviour, but its inuence depends markedly on pH. A strong inuence of ionic strength is found around pH 5 and an even stronger inuence near pH 10, where silica-lysozyme aggregates re-disperse in the absence of salt, but form densely packed ocs at 50 and 100 mM salt (Fig. S3 in the ESI †). Salt-induced occulation of the dispersion at pH 10 is demonstrated by the increasing value of the power-law exponent n of the low-q scattering regime, from n z 1.5 at 10 mM to n > 3 at 100 mM salt concentration. In the regime between pH 5 and 10, the inu-ence of the added salt on the scattering curves is less pronounced. Table 4 summarizes the values of the power-law exponent n derived from the scattering curves for pH 5.0, 6.7, and 10 at different concentrations of the added salt. The structure factor S(q) was determined from the scattering curves of the silica-protein dispersions using eqn (2) . Results for several salt concentrations at pH z 5 and pH z 10 are shown in Fig. 4a and b, respectively. The S(q) data exhibit an oscillatory behavior. The primary maximum in S(q) increases in amplitude with the increasing salt concentration, indicating a stronger effective interaction between the silica particles at higher ionic strength. This is in contrast to the behavior of the silica system without the protein, in which increasing ionic strength causes a damping of the oscillations in S(q). 41 The scattering proles in Fig. 4a and b also exhibit a weak secondary maximum, but the quality of the S(q) data in that q region is blurred by the limited precision of the polydispersity of the bare silica nanoparticles, as explained elsewhere.
23 Another distinctive feature is the increase of S(q) at q < 0.2 nm À1 which is pronounced at low ionic strength but not at high ionic strength (100 mM). The S(q) data were analyzed with the uid model of particles interacting by a square-well potential, using the mean particle diameter D of Table 1 nearly independent of the salt concentration. At pH > 9 a steeper increase to values beyond 3 nm (D/s z 0.15) is observed at high salt concentrations. For the well depth 3 values between 2 kT and 3 kT are found, decreasing with increasing pH, but with pronounced excursions to higher values near pH 5 and pH 10 at high salt concentrations. For the packing fraction 4 a strong dependence on the ionic strength is found: at a low salt concentration (10 mM) it reaches a maximum value 4 z 0.15 near pH 5 and falls off to low values at high pH. At a high salt concentration (100 mM) the maximum near pH 5 becomes much more prominent and a sharp increase to values 4 z 0.30 occurs near pH 10. Except for the specic effects near pH 5 and pH 10, the graphs in Fig. 5a and b indicate opposite trends of the parameters 3 and D as a function of pH. These antagonistic changes in the potential well parameters must be taken with reservation, because different combinations of D and 3 can give ts of nearly the same quality. This situation is characteristic of systems interacting by a short-range potential, as in the present case where D/s < 0.1 (except at pH > 9). As explained in Section 2.2, the parameters 3 and D can be replaced by the more robust stickiness parameter s e given by eqn (4). Values of s e À1 calculated by this relationship are shown in Fig. 5d . At low ionic strength s e À1 rst increases with pH and then stays nearly constant at s e À1 z 11 over a wide pH range. At higher ionic strength pronounced maxima in s e À1 appear near pH 5 and pH 10, reecting the respective local maxima in the parameter 3 of the square-well potential (Fig. 5b) . We return to this salt inu-ence on the effective stickiness in Section 5.2. Sample B (y ¼ 11; see Table 2 ) was studied at pH 8.3 at several salt concentrations up to 100 mM. Fig. 6 presents the SAXS proles I(q) and an analysis of the structure factor S(q) on the basis of the square-well uid model. Here again, all scattering curves are in agreement with that of the silica dispersion without the protein in the region of high scattering vector (q > 0.45 nm À1 ; Rq > 4.8), and power-law behavior as I(q) f q Àn is observed in the low-q region (at q < 0.15 nm À1 ). Results of a quantitative analysis of the power-law region and of the structure factor in terms of the SWPY model are summarized in Table 5 . The exponent n has a value close to zero at low ionic strength (up to 10 mM), but a high value at the highest 100 mM NaCl, indicating that large-scale aggregates are formed only at high ionic strength at pH 8.3. Analysis of the structure factor data with the SWPY model yields square-well potential parameters D and 3 both increasing with the ionic strength. Since the pair potential is again short-ranged (relative well width D/s < 0.08 in all cases), the main information that can be extracted from S(q) is the effective stickiness s e À1 and volume fraction 4 of silica particles in the aggregates ( Table 5 ). The pronounced increase in effective stickiness with the concentration of the added electrolyte in this system is shown in Fig. 6d . This behavior is remarkably different from the weak inuence of ionic strength on the stickiness observed in system A at pH 8.3 (see Fig. 5d ). To better understand this inuence of the lysozyme-to-silica particle number ratio on the effective stickiness s e À1 of the silica particles, we performed SAXS measurements on samples with several different particle number ratios y at pH 8.3, and analyzed the structure factor S(q) in the same way as explained above. Fig. 7 shows the resulting values of the effective stickiness s e À1 plotted as a function of the particle number ratio y. This graph clearly demonstrates that the number of protein molecules per silica particle strongly affects the aggregation behavior at low ionic strength and low y, where the effective particle stickiness sharply decreases with decreasing y, but not at high ionic strength and high y where the particle stickiness becomes nearly independent of the number of protein molecules per silica particle.
Discussion
Protein binding
The present results support earlier reports [7] [8] [9] [10] [11] [42] [43] [44] that the adsorption of lysozyme on silica surfaces is mainly due to electrostatic interactions. This is concluded from the fact that the sharply increasing protein binding curve (Fig. 1a) correlates with the pH dependence of the charge density of silica surfaces. 45 According to the potentiometric titration of a nanoscale pure silica surface 46 for pH 6 and 7 in 1 mM NaCl) were given by Shin et al. 47 Due to the low charge density of the silica surface at low pH the mean distance between two charged surface sites exceeds the footprint length of a lysozyme molecule. This implies that the individual protein molecules can bind to only a single charged surface site. Nevertheless, adsorption isotherms in the pH 5-7 regime exhibit a high-affinity character like those at higher a All measurements were made at 25 C.
Fig. 7
Effective stickiness s e À1 of the silica particles as a function of the protein-to-silica particle number ratio y in the complete-proteinbinding regime (pH ¼ 8.3) for different salt concentrations (0, 10, 50 and 100 mM).
pH. 23 This indicates that binding to a single charged surface site is sufficient for high-affinity adsorption of lysozyme on the silica surface. Specically, for our sample A (0.64 mg lysozyme per m 2 ,
corresponding to a surface concentration G 0 of 0.027 molecules per nm 2 ; see Table 2 ) the surface charge densities of silica reported in ref. 46 suggest that complete protein binding (f ¼ 1) should be reached at a pH somewhat above pH 7, in agreement with the experimental nding (Fig. 1a) . Note that the limiting surface concentration of G 0 ¼ 0.027 nm À2 for sample A corresponds to only one third of the maximum monolayer adsorption (G 0 ¼ 0.083 nm
À2
) estimated from the footprint area of lysozyme molecules adsorbed side-on (ca. 12 nm 2 ). For the partial binding regime (f < 1), i.e., when protein binding is limited by the available surface charge, our results then indicate that the adsorbed lysozyme molecules bind to single ionized surface groups. This case resembles the scenario reported by Shin et al. 48 for the adsorption of polyelectrolyte oligomers on silica in a similar pH regime. In the present work, a complete monolayer of protein (G 0 ¼ 0.083 nm À2 ) is attained only by the sample with the highest protein-to-silica particle number ratio (y ¼ 100) at pH 8.3, while for sample A nearly 65% of the surface remains free from the protein (more than 90% for sample B) in the complete-protein-binding regime.
The insensitivity of the protein binding curve against the added electrolyte in the charge limited regime below pH 8 (Fig. 1a) is surprising in view of earlier studies 4, 6, 8, 9, 42, 43 which reported that increasing ionic strength is causing a decrease in adsorption of lysozyme on silica surfaces. Tentatively, we attribute the observed insensitivity of the binding characteristics against salt to a compensation of two opposing effects: (a) increasing silanol dissociation due to the added salt;
45,46,49 (b) counter-ions of the salt competing with the protein for the charged surface sites. According to Shin et al., 48 binding of sodium counter ions to charged silanol groups plays no signicant role in the relevant pH regime (less than 1% of the negative surface sites up to pH 8). Preliminary results of a systematic study of the salt effect on the adsorption isotherms 50 indicate that the insensitivity against the salt concentration is limited to the charge-limited regime below pH 8, while at higher pH the expected decrease in adsorption with increasing ionic strength is observed. Hence, our results do not contradict reports on salt effects on the adsorption at pH > 8, as in the work of Lundin et al. 43 
Bridging aggregation
Aggregation and occulation in our system is attributed to bridging of silica particles by lysozyme molecules. In order to act as a bridge the protein must have binding sites on opposite sides of the molecule. Surface patches having a high positive electrostatic potential will represent strong binding sites for the negative surface of the silica particles. Electrostatic potential calculations 51 for patches of the lysozyme surface (0.5 nm radius) showed that the N-terminal amino acid lys 1 represents the most positive patch, followed by lys 13 and lys 116. While lys 13 is situated not far apart from lys 1, lys 116 is nearly on the opposite side of the molecule and may thus represent a binding site for the second silica particle in the bridging geometry. Equivalent conclusions resulted from an experimental search for favourable binding orientations of lysozyme on negatively charged surfaces, which also indicated that pH may have a pronounced inuence. 51 Obviously, from the present results we cannot decide which of the basic amino acids forms the binding site on the lysozyme molecule.
The present work shows that the ionic strength is strongly affecting the bridging aggregation, although no inuence on protein binding to the silica particles is detectable (Fig. 1) . The inuence of the added salt on the hetero-aggregation is demonstrated by the increase in aggregate size and packing density found in the centrifugation study (Fig. 2) , and by the low-q scattering behaviour of the SAXS intensity proles (Fig. 3b and d) . The increase in the primary maximum of S(q) (Fig. 4 and 6c) also indicates an increase in the particle packing density in the heteroaggregates when the salt concentration is increased. Moreover, we nd that the inuence of ionic strength on the bridging interaction of the protein with the silica particles varies with pH. The effective stickiness s e À1 of the silica particles in the silica-protein dispersions can be used to characterize the strength of the bridging interaction. As shown in Fig. 5d , an increase in salt concentration from 10 to 100 mM causes a pronounced increase in s e À1 in pH ranges near pH 5 and 10, but it shows only a moderate increase in the intermediate range from pH 6 to 9. The marked salt effect at pH 5 may be rationalized by remembering that in the low protein binding regime, the low surface charge of the silica particles limits the number of highly charged protein molecules that are bound. Screening of the repulsive interaction may then favour bridging congurations in which silica particles come into close contact with their next neighbours, while the bridging protein molecule occupies binding sites close to the particle-particle contact point. In such a conguration the van der Waals interaction will contribute to the attractive interaction between the silica particles and to their effective stickiness. As pH is raised and more protein molecules are bound to the silica particles, low-coordinated open aggregate structures will be favoured to reduce the repulsive electrostatic interaction between protein molecules adsorbed on neighbouring particles. The added electrolyte causes a decrease of the effective charge on the lysozyme molecules, [52] [53] [54] and thus weaker repulsive interactions between protein molecules adsorbed near the bridging contact of neighbouring particles. The lower repulsive strain resulting from screening the repulsive interaction between adsorbed protein molecules can possibly explain the somewhat higher effective stickiness of the silica particles at higher ionic strength observed in this intermediate pH regime from pH 6 to 9 (Fig. 5d) .
Above pH 9 the net positive charge of lysozyme molecules decreases sharply as the isoelectric point is approached, but some of the positive binding sites persist up to pH > pI. 51 The electrostatic repulsion between the highly charged silica particles opposes the bridging by the protein and eventually causes the breaking of silica-protein bonds and re-dispersion of the silica at pH > 9. In the presence of the electrolyte, this repulsive interaction between the silica particles is screened and bridging of silica particles by protein molecules can sustain. Close to pI of the protein, attractive interactions between adsorbed, but nonbridging protein molecules may also add to the stability of the hetero-aggregates. Specically, the release of bound Cl À counter ions and partial dehydration of the surface that would expose hydrophobic patches of the protein surface to the solution may cause hydrophobic aggregation of lysozyme similar to the case of crystallization-precipitation at pH 10-11 and high salt concentration. 52 Indeed, hydrophobic interactions between adsorbed protein molecules may be the driving force of hetero-aggregation in this regime. This effect becomes stronger with increasing salt concentration and may cause the observed increase in the mean aggregate size and the packing density of the ocs (Fig. 2) .
Inuence of the protein concentration
The strength of the bridging interaction and its dependence on the ionic strength are affected by the protein-to-silica number ratio y ¼ N Lyz /N NP . This inuence exists in the complete-proteinbinding regime at high pH, but not at lower pH, where protein binding is limited by the low charge density of the silica surface (see Section 5.1). The inuence of ionic strength on the bridging interaction is most pronounced at low y. This trend is brought out clearly by the dependence of the effective stickiness parameter s e À1 on the particle number ratio y in Fig. 7 . At the lowest proteinto-silica particle number ratio studied in this work (y ¼ 11), weak hetero-aggregation in the absence of salt is indicated by a low effective stickiness s e
À1
, but pronounced hetero-aggregation occurs at 100 mM salt concentration, indicated by the high value of the effective stickiness (Fig. 6 ). This strong inuence of ionic strength on the effective stickiness at low protein concentrations reects the competition between attractive protein bridging and repulsive electrostatic interaction between the highly charged silica particles in the aggregates. At low ionic strength the repulsive interaction between the particles dominates, but this repulsive interaction is screened at higher ionic strength. At higher concentration of the protein on the silica particles (higher y) the high surface charge of the silica particles is partly shielded by the opposite charge of the adsorbed lysozyme, so that the bridging interactions dominate even at low salt concentrations. Hence the trends shown in Fig. 7 reect the complex interplay between the surface-specic protein binding and bridging interactions and the unspecic electrostatic interactions between the charged silica and protein particles as a function of pH and ionic strength. We remark that the strong inuence of ionic strength manifested at low protein-to-silica particle number ratio y in the completeprotein binding regime at pH 8.3 (Fig. 6d) has a different origin from the somewhat similar effects seen in the low protein binding regime at pH 5 (Fig. 5d) . As explained in Section 5.2, we propose that in this case screening of the weak electrostatic interaction between the silica particles allows for close contacts between the particles, so that attractive van der Waals interactions will add to the protein bridging interaction and cause a high effective stickiness of the particles.
Phase behaviour
In Section 4.3 it was shown that the effective interaction between silica particles in the bridging aggregates can be represented by Table 4 of our earlier paper
23
). We interpret the parameter 4 extracted from the structure factor S(q) as a measure of the packing fraction of silica particles in the aggregates. Qualitatively, the trends in the values of 4 as a function of pH and ionic strength are similar to those for the stickiness s e À1 ( Fig. 5c and d) higher than the critical density obtained in the GCMC simulations (4 c z 0.27), although this density corresponds to a very low reduced temperature (s e /s e,c z 0.35). The values of 4 extracted from the structure factor data for pH 10 ( Fig. 5c ) are also somewhat lower than the packing densities of the oc-culate derived from the centrifugation study (Fig. 2c) . Such deviations are not unexpected in view of the simplicity of the underlying model.
Conclusions
We have studied the combined inuence of pH and ionic strength on the binding of lysozyme to silica nanoparticles and the protein-induced aggregation of the particles. Our results support the notion that lysozyme molecules can bind to negative surface sites by ion pair formation with one of the strongly charged lys (or arg) residues of the protein, and that up to pH 7 the protein adsorption is limited by the number of charged surface groups. For this pH regime it is found that the protein binding curve is essentially unaffected by the ionic strength. The effective interaction between silica particles caused by protein bridging was extracted from the SAXS structure factor data with a structure factor model based on a square-well pair potential close to the sticky-hard-sphere limit. The effective stickiness s e À1 and packing fraction 4 of the particles represent useful parameters to characterize the bridging aggregates as a function of pH and ionic strength. A pronounced increase of s e À1 and 4 with the ionic strength is found near pH 5 and pH 10, but we argue that the high stickiness and packing fraction of the particles in these two pH regions have a different origin.
In Fig. 8 the combined inuence of the salt concentration and pH on the hetero-aggregation is sketched by regions I-IV. At low pH (region I) the silica particles are nearly uncharged and lysozyme is not adsorbed. Weak aggregation of the silica particles resulting from absent charge stabilization in this regime is indicated by a low effective stickiness. In the partialprotein-binding regime at higher pH (region II), bridging of silica particles by a small number of protein molecules can lead to aggregates of fairly high packing density. In this regime, screening of the weak repulsive electrostatic interaction between the silica particles can cause the particles to approach each other more closely without loss of the bridging interaction by the protein molecules. In the complete-protein-binding regime above pH 6 (region III), repulsive interactions between the protein molecules adsorbed at close distances on neighbouring silica particles are favouring low-coordinated open aggregates. As the repulsive interaction among these protein molecules is screened by the added salt, the effective particle interaction and the packing density increase. Screening of the repulsive electrostatic interactions between the highly charged silica particles is the dominating salt effect in region IV. In the proximity of the isoelectric point of lysozyme (pI z 10.7) hydrophobic interactions between adsorbed protein molecules also add to the high effective stickiness found at high salt concentrations in this regime.
Hence the present results show that pH and ionic strength determine the bridging aggregation behaviour in this system, in spite of the fact that protein binding to the silica particles is almost unaffected by the ionic strength at the protein concentrations chosen in this study. Another important nding of this work is that the protein-silica hetero-aggregates can be analysed on the basis of effective interactions of a single-component square-well uid. Further work is needed to assess the scope of applicability of this approach. 
